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ABSTRACT
Lead is a pervasive and ongoing problem in the landscape, especially in urban and
suburban areas where historic use of tetraethyl lead gasoline and leaded paint has increased
background amounts to dangerous levels. One method to solve this problem is the use of
hyperaccumulator plant species, capable of concentrating over 1000 ppm Pb into their tissues.
This is a slow process, even with hyperaccumulators, so the use of amendments to improve Pb
solubility has gained popularity, though with mixed results. This study examined
Trachelospermum asiaticum, Ardisia japonica, and Ophiopogon japonicus, three common
landscape groundcovers used in Louisiana, for their ability to uptake Pb. They did not take up Pb
in the levels required to be considered hyperaccumulators, however they showed no significant
change in biomass even at contamination rates of 2000 ppm in the growing media. They would
therefore be better candidates for phytostabilization of Pb in the soil. A new amendment,
lignosulfonate was also tested for its ability to improve uptake in known hyperaccumulator
species Pelargonium x hortorum and Brassica juncea. Lignosulfonate was able to increase the
concentration of Pb in the leachate from these plant materials (p<.0001), however it is
phytotoxic. Plant material amended with lignosulfonate had significantly reduced fresh weight
and dry weight (p<.0001) at harvest. This effect may be due in part to allelopathic compounds
left in the lignosulfonate during its production from the paper making process. The results of
these studies suggest that (1) the three groundcover species may be useful for phytostabilization
and that (2) lignosulfonate needs further study before it may be considered for use in
phytoremediation.
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1. INTRODUCTION
Lead (Pb) occurs in soil naturally, but Pb levels in the United States have risen by several
hundred parts per million (ppm) in urban and suburban areas because of the use of tetraethyl Pb
(TEL) as a gasoline additive and Pb compounds in paint on residential and commercial buildings
(Mielke, 2018). High levels of Pb can result in serous health effects in humans, such as reduced
cognition and behavioral changes especially as they relate to children (Hogan et al., 1998).
Regulations and remediation efforts have greatly reduced, but not completely eliminated risks of
exposure from contact with contaminated soil (Mielke et al., 2017). Bare soil during dry times of
the year, particularly summer and fall in the United States, may become suspended in the
atmosphere as particulate matter which may be breathed into the lungs or else settle onto
surfaces in and around the home. (Binns et al., 2004; Zahran et al., 2013a). This deposition of Pb
contaminated dust is of particular concern with children under 7 years of age who are prone to
hand to mouth behavior and thus consume the contaminated dust (von Lindern et al., 2016).
Phytoextraction, the use of plants to remove contaminants from soil or water, is a
promising method to reduce the risks of human exposure to Pb in soil (Waranusanticul et al.,
2008). Important factors in phytoextraction efficiency and effectiveness are the accumulation
abilities of the plants themselves and the mobility of Pb in the soil (van der Ent et al., 2013). The
goal of the research described in this thesis is to expand our toolbox of plants and amendments
useful in the phytoremediation of Pb, especially in those areas where long term beautification is
of concern. Following a literature review (chapter 2) of the occurrence of Pb, its health effects,
and its behavior in soil and plant, two studies aimed at expanding approaches to phytoextraction
of Pb are described. The first study (chapter 3) examines the Pb accumulation effectiveness and
the resistance to Pb stress of three common groundcovers at accumulating Pb. The second
(chapter 4) explores the effectiveness of lignosulfonate on increasing Pb solubility, which
improves extraction potential, and its effect on plant health in two known hyperaccumulators:
Pelargonium x hortorum, garden geranium, and Brassica juncea, mustard greens. Chapter 5
summarizes the conclusions of the two studies and makes recommendations based on those
findings.
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2. LITERATURE REVIEW
2.1. History of Humans and Pb
The history of Pb is the history of human civilization. It has been used in statuary made
by hands from prehistory, in the cookware of the ancient Greeks, and in the plumbing of the
Roman empire. It has seen use in cosmetics in Egypt and as an ingredient in alchemy, the
precursor of modern chemistry, in ancient China (Tapsoba et al., 2010). It can be found in the
roofing materials for structures as early as the Middle Ages. In more modern times, it can be
found as an ingredient in paints, as a fuel additive, as a catalyst in specialized reactions, in
batteries, in insecticides, in hair dyes, in solder, in ammunition, and in weights used for
recreational lifting. As will be discussed throughout this section, if it were not for the toxic effect
that it has on our physiology, Pb would still be in use throughout industry and our society.
It is thought that Pb was first discovered when a campfire was lain over Pb bearing ores
like galena (Pb sulfide) (Waldron, 1973). Under these conditions, with the heat from the fire and
the presence of oxygen, the sulfur component oxidizes to sulfur dioxide, Pb would have pooled
and run over the surface of the ground. The early humans who discovered this phenomenon may
have seen its appearance as miraculous. And indeed, some of the earliest artifacts crafted by
human hands for which we can ascertain no functional use for are Pb figurines (Waldron, 1973).
Following in our shared ancestors’ footsteps, the ancient Greeks began forming Pb into
utilitarian products such as cookware. They would have found its low thermal conductance
useful in applying heat evenly to the food they cooked. Moreover, it imparted a sweeter flavor to
some food items, which would have been much preferred over the metallic flavor associated with
bronze and copper cookware from the same period. This sweetness they referred to as “sugar of
Pb”, what we know as Pb acetate. It was a key ingredient in their preferred sweetening agent,
sapa, a product obtained by cooking down wine. So tightly was sapa tied to the culture of the
times, one of the ancient Greek philosophers, Pliny the Elder, gave specific instructions for its
production: that it should be only made in leaded vessels and that it should be cooked to a third
the volume of the wine from which it was produced (Waldron, 1973).
The Romans, ever seeking to surpass their cultural predecessors, created with Pb some of
their greatest wonders: the aqueducts. They filled their cities with the metal, bringing to
civilization running water for the first time since the fabled hanging gardens. Their use of Pb in
piping spread with their influence, and after their fall, saw continued use in their daughter states.
Even today we may still find Pb pipes transporting water beneath our streets and into our homes.
And our word for it, plumbing, descends from the Latin “plumbum”, or Pb.
Other cultures and civilizations had their use for Pb as well. The ancient Egyptians and
Chinese used it in their cosmetics. Pb carbonates produce a fine white powder when ground, this
was a popular facial application because having white skin was seen as a sign of wealth and
status in China (Tapsoba et al., 2010), for only those who did not have to work could afford to
protect their skin from the darkening rays of the sun. In Egypt, Pb chloride salts, having a dark
black appearance, were used in their eyeliner. It was believed at the time to protect from eye
diseases. Some recent research would support their conclusions as the presence of these salts can
induce the production of oxidative stress compounds that are useful in the fight against bacterial
infections (Tapsoba et al., 2010).
Historically, Pb was used in areas where resistance to corrosion would be beneficial.
Metallic Pb will form an insoluble coating of Pb carbonate in the presence of water and carbon
2

dioxide. This layer protects it from further corrosion, much like the aluminum used in building
fabrication today. It is due to this property that many of the churches from the Middle Ages still
have the same roofing more than a millennium after they were built.
In more recent times, with increasing technological advancement, we have found even
more specific uses for Pb. Pb acetate increases the durability of paint, and Pb carbonates, as the
ancient Chinese discovered, make for bright white paint dyes. In fuels, tetraethyl and tetramethyl
Pb compounds improve octane rating and increase engine life. In batteries, Pb-acid formulations
hold charge well across a large range of temperatures and take repeated charging without a
concomitant decrease in storage capacity. We have used it in our batteries, in matches, in our
guns as ammunition, in plastics as flame retardant, as part of our brakes in our cars, and as a
catalyst for some chemical reactions. Really, if the metal were not so toxic to us, it would be a
wonder metal with its abundance and myriad uses.
2.2. Effects of Pb on Human Physiology
Pb interacts with all systems in the human body. Being an element inessential to human
life, these interactions are decidedly detrimental if not necessarily deadly. These effects are
generally attributed to oxidative stress or interactions that inhibit the proper functioning of
proteins and enzymes. In most cases, documented Pb toxicity symptoms are associated with
concentrations of Pb in the blood (PbB, reported in units of μg of Pb per dL of blood), and there
is no recorded threshold lower PbB value for detrimental effects. For more information on Pb
and its effects on our physiology, refer to the Agency for Toxic Substances and Disease
Registry’s (ATSDR) toxicological profile for Pb.
2.2.1. Neurological Effects
The neurological effects of Pb are the most well studied, at PbBs which ranging from
single digits upwards to 50 μg/dL (Pb poisoning is defined as having PbB greater than 10 μg/dL)
in both children and adults. Perhaps the most known are Pb’s deleterious effects on IQ. It is this
effect that most social justice-associated papers reference when discussing the importance of
reducing Pb exposure in minority populations (Mielke et al., 2017). This effect is seen at PbBs
less than 10 μg/dL. In addition to decreased cognitive function, children exhibit altered
neurological states in line with attention deficit and hyperactivity disorder, autistic behaviors,
and increased aggression. They may have difficulty with motor skills, both fine and gross
coordination. They may have difficulty focusing their eyes, and they may experience loss of
hearing. In addition to these effects, children with PbBs greater than 10 μg/dL may experience
pain or burning sensations in their extremities, peripheral neuropathy, and permanent brain
damage, encephalopathy.
Similar effects are seen in adults. Below a PbB of 10 μg/dL, adults may also experience
trouble with memory and learning, muscle tremors, and reduced reaction times and walking
speeds. They are also more at risk of developing Lou Gehrig’s disease (also known as
amyotrophic lateral sclerosis, or ALS). Adults at this PbB level are also more likely to be
diagnosed with anxiety, depression, or schizophrenia. Above a PbB of 10 μg/dL, adults are at
risk of permanent reduction of brain volume and alteration of brain neurochemistry.
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2.2.2. Cardiovascular and Hematological Effects
Though not as extensively studied as the neurological system, nor distinguished between
child and adult, the effects of Pb on the cardiovascular system are still well documented, the
main result being a positive correlation observed between blood pressure and PbB. In addition,
those with a PbB less than 10 μg/dL are at higher risk of hardening of the arteries, or
atherosclerosis. In those groups with PbBs greater than 10 μg/dL, a definite increase in mortality
due to cardiovascular disease has been seen.
Anemia is the most common symptom of Pb’s effect on the cardiovascular system. This
is primarily due to the inhibition of certain red blood cell proteins, such as δ-ALAD, a key
enzyme in the heme synthesis pathway. Such effects have been seen in PbBs less than 10 μg/dL,
however, most research conducted has only considered those PbBs greater than 10 μg/dL. In
addition, those who have elevated PbBs are at greater risk of bleeding disorders due to a
reduction in platelets, although the cause of this phenomenon is not currently known.
2.2.3. Gastrointestinal, Renal, and Hepatic Effects
Pb’s effect on the proper functioning of the gut is one of the oldest recorded symptoms of
acute toxic exposure (Riva et al., 2012), dating back to ancient Greek works written by Aristotle
and Pliny the Elder. The effects are varied, and occasionally contradictory, as acute exposure
may lead to either diarrhea or constipation, as well as abdominal discomfort and nausea. Chronic
exposure can result in the same symptoms, although with PbBs less than 10 μg/dL, it is usually
limited to abdominal discomfort.
Kidney function is measured through the glomerular filtration rate, or the rate at which
blood passes through the sieving units of the kidney. In this respect, increasing PbB’s has been
correlated to decreasing kidney function. In addition to this, the proper functioning of the
kidneys, to filter out those products still useful to the body prior to excretion, is reduced in those
groups with PbBs greater than 10 μg/dL. Often, Pb-induced kidney damage results in large holes
in the glomeruli, allowing the passage of protein and enzymes into the urine ducts.
Pb toxicology of the liver has been much less studied, and only in those groups with
PbBs greater than 10 μg/dL. The observed effects, such as enlargement of the liver and increased
concentration of liver enzymes found in blood plasma, have been related to oxidative. These
effects have not been related to dose or exposure time, nor have they taken into account other
factors that may account for these symptoms, such as age, diet, or exposure to other hepatotoxic
compounds.
2.2.4. Immunological, Respiratory, Ocular, and Endocrine/Reproductive Effects
The effects of Pb on the immune system are not fully understood. Generally, there is
increased sensitization to allergens along with an increased susceptibility to infection. This
second effect appears to correspond to changes in immune cell indicators as well as changes in
inflammatory response.
Some lesser affected systems include the respiratory, ocular, and endocrine systems.
Increased PbBs are generally associated with increased incidence of asthma and increased risk of
developing cataracts. It has also been associated with an increase in cortisol levels, likely the
source of increased anxiety in those groups with increased PbBs. An increased PbB also has been
4

correlated with decreased fertility in men. In women, though no conclusive evidence has been
found, there appears to be a decrease in fertility as well as an increased risk of spontaneous
abortion.
2.3. Sources of Contamination
Introduction of Pb into soils has come from a variety of sources, both modern and
historic. The highest concentrations are in those areas that are near mining and smelting
operations which harvest and process Pb bearing ores and around industrial plants responsible
for the recycling of Pb-acid batteries (Rieuwerts and Farago, 1995; Freitas and do Nascimento,
2009). However, the broad contamination of urban and suburban soils has been lain at the feet of
tetraethyl Pb (TEL) and, to a lesser degree, to the Pb compounds that have been used in paints
for residential and commercial buildings (Mielke, 2018).
Scientists were aware of the dangers of using TEL, and many spoke out against its use
before Congress decided to approve its use in gasoline (Mielke, 2018). During the period
between 1925, when it was introduced, and 1996, when it was finally banned by the
Environmental Protection Agency (EPA), TEL was emitted into the atmosphere to be breathed
by those nearby (Mielke et al., 2019a) or else fall into and be bound by the soil (Wu et al., 2010).
Peak usage in the US was seen in 1970, the year the Clean Air Act was passed, which, among
other regulations, required automakers to reduce emissions of harmful toxicants such as carbon
monoxide. In order to accomplish this goal, a device called the catalytic converter was required
to be put into all new vehicle manufacturing (Mielke, 2018).
The catalytic converter is an exhaust emission control device that converts harmful
contaminants into less toxic forms before they are released to the atmosphere. However, TEL is
detrimental to the functioning of the converter. To maintain the functionality of the converter, oil
and gas companies stopped including TEL as an additive. This occurred fully two decades before
the ban by the EPA.
The damage from fifty years of TEL had already been done. In urban areas and alongside
major roadways, the background concentration of Pb had already increased. Some estimates put
the average increase of Pb in the soil to be 4 times higher than in soils unaffected by
anthropogenic activity (10.1 ppm as compared to 42.9 ppm) (Burt et al., 2003).
2.4. Predicting Risk of Exposure
It has been shown that growing up in an urban area significantly increases a child’s risk
of having increased PbBs. Zahran et al. (2013b) further focused sampling areas by looking at soil
near roadways. Using Los Angeles as their area of interest, they determined that child risk of
exposure to contaminated soil could be further characterized by taking soil samples one meter
from residential streets and busy roadways. The greatest factor influencing this characterization
was the sample from residential streets, reducing the risk by half of the typical PbB of children
who live on a street with a low Pb content compared to those who live on a street with high Pb
content.
Currently, the risk of elevated PbBs is determined through the use of a model called the
Integrated Exposure Uptake Biokinetic Model for Pb in Children (IEUBK) (Hogan et al., 1998;
von Lindern et al., 2016). This method was developed by the EPA and includes all possible
exposures to Pb including food and water as well as contamination levels in soil. It has
5

historically been used in areas of extreme Pb contamination such as in Bunker Hill, Id, the site of
a former Pb mine and smelting operation, (von Lindern et al., 2016) and in New Orleans, La
which contains a former landfill used for the disposal of hazardous waste (Mielke, 2018). This
model assumes the greatest risk in children between 1 and 4 years of age to have elevated PbBs.
This increase in risk is attributed to increased ingestion of contaminated soil and dust due to hand
to mouth behavior of children in this age range, a condition referred to as pica.
von Lindern et al. (2016) used data from the superfund site in Bunker Hill, Idaho to
evaluate the effectiveness of the IEUBK model in predicting PbBs in children. They found that
PbBs were consistently overestimated by the IEUBK model, which was attributed to the assumed
bioavailability of Pb in soil and dust in the model. They further confirmed that the model’s
accuracy depends on the level of contamination in soil at varying distance from the home to
determine the risk of elevated PbB’s.
PbBs appear to follow a cyclic pattern, with higher levels seen during the summer and
fall and lower levels seen in winter and spring. This seasonal change in PbB has been attributed
to the resuspension of dust contaminated with Pb from bare soil areas (Zahran et al., 2013a;
Levin et al., 2020). Zahran et al. were able to correlate suspended dust with increased PbBs in
children in the Detroit, Mi area. In these studies, the summer and fall months were hotter and
drier than winter and spring. The suspension of dust in the atmosphere was attributed to this
dryness.
In 2013, Zahran et al. found that a percent increase in resuspended dust was correlated
with a 0.39% increase in atmospheric Pb concentration. They further correlated an increase in
PbBs by 10% with an atmospheric Pb concentration increase in PbB of 0.00069 μg/dL for
children at 1 year of age and 0.0023 μg/dL for children at 7 years of age. This agrees with the
predictive modeling of IEUBK that describes children between 1 and 4 years of age to be the
highest at-risk group for PbBs due to soil contamination (von Lindern et al., 2016).
In the study by Levin et al., several activities were suggested as contributing to this
seasonality. Homes that have Pb paint often undergo Pb paint abatements when renovations are
performed, of which the most common time for these renovations is during the summer and fall
(Levin et al., 2020). Small, specifically piston powered, airplanes can still use, and in fact can
only run on, leaded gasoline. Hunting activities that involve the use of Pb shot also increase the
likelihood of consuming Pb (Mielke et al., 2019a). These activities are typical in warmer weather
and may also contribute to the observed seasonality of PbBs.
2.5. Movement of Pb in the Soil
Of the many characteristics that pertain to soil, pH is the strongest variable, followed by
organic matter and metal oxide content, controlling Pb solubility. Pb, however, moves very
slowly through the soil profile. Even at optimal pH and without the presence of organic matter or
metal oxides, the fastest movement of Pb through soil was a meter over nearly a century of
constant contamination at a US military-run firing range (Barker et al., 2019). In most soils,
during the same time frame, Pb will move down about a centimeter through the soil profile,
without any physical disturbance (Semlali et al., 2004; Kylander et al., 2008).
Pb is most soluble at low pH (<5.2) (Martinez and Motto, 2000), however Pb quickly
saturates within the soil solution, even at a soil pH of 3 (Lee et al., 1998). When this occurs, Pb
will begin to precipitate out as various minerals depending on the concentration of other ions
within solution.
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(Chloro)pyromorphite (Pb5(PO4)3Cl) forms in the presence of excess chlorine and
phosphorous (Lang and Kaupenjohann, 2003). Being one of the most insoluble forms of Pb,
many stabilization efforts aim to have this precipitate in order to reduce bioavailability and
potential leaching of Pb into the groundwater (Barker et al., 2019). In the presence of sulfur,
Galena (PbS) is the dominant Pb mineral formed. This is most common in wetlands where
sulfate reduction is the primary energy source of soil microbes (DeVolder et al., 2003). Galena
stability does, however, require maintaining reducing conditions, as it will readily decompose,
albeit slowly, if oxidizing conditions were to return.
In the study performed by Martinez and Motto (2000), calcareous soils were seen to have
a higher pH where Pb solubility increases (pH < 6.0). This effect is associated with Pb adsorption
to calcium carbonate minerals, which rapidly dissolve around pH 6. In the absence of an excess
of negatively charged ions, Pb will precipitate as Pb oxides, hydroxides, and carbonates. These
precipitates, once formed, are highly insoluble, especially when the soil pH is raised after
precipitation.
When the pH of the soil is neutral to alkaline, Pb will tend to adsorb to soil particles via inner
sphere complex (Lee et al., 1998). Generally speaking, any soil constituent bearing a partial or
full negative charge, such as those with a thiol (-SOH), sulfhydryl (-SH), or hydroxy (-OH)
group, is a potential binding site for Pb (Martinez et al., 2004). Organic matter is a great example
of a soil constituent that contains all three of these groups. Organic matter is any soil constituent
that contains primarily carbon, oxygen, and hydrogen and comes from decomposing plant or
animal matter (Sauvé et al., 2000a; Sauvé et al., 2000b; Pampura et al., 2007; Bläsing and
Amelung, 2018; Zhao et al., 2019). This group contains particles from living matter in any stage
of decay, from recently deceased up to and including the most decomposed level of organic
matter: humic substances.
Humic substances are the most decomposed form of organic matter found in soil. They
are comprised of three types of compounds, humus, humic acid, and fulvic acid. All of which are
large compounds ranging from molecular weights of 500 to greater than 10,000. Humus is
characterized as the insoluble fraction while the soluble fraction is further broken down into
relatively low molecular weight fulvic acid and relatively high molecular weight humic acid
(Wang et al., 2021). If Pb were to bind to soil humus, it would effectively become immobile
within the soil profile. On the other hand, if it were to bind to humic or fulvic acids, it would
likely move through the profile with these compounds (Martinez et al., 2004).
Organic matter is attractive to Pb through its profusion of negative charges at high pH.
When the pH of the soil falls far below neutral, these negative charges are satisfied by the excess
hydronium ions within the soil solution, resulting in an increase in concentration of Pb in the soil
solution (Sauvé et al., 2000a).
When organic matter undergoes pyrolysis at high temperatures, a substance called
biochar is formed. It is a highly stable compound, similar to humic substances, and is highly
insoluble. Additions of biochar to soil have been observed to significantly reduce the
concentration of Pb in the soil solution (Zhao et al., 2019). This reduction, however, appears to
be mainly due to biochar’s stabilizing effect on the pH of the soil solution (Wagner and
Kaupenjohann, 2015). Biochar buffers soil pH towards neutral, which, as was previously
discussed, is the main soil characteristic determining Pb solubility.
One side effect of biochar is increased mobilization of Pb when the soil profile already
contains a large amount of organic carbon. Wagner and Kaupenjohann (2015) found that
dissolved organic carbon increased with the addition of biochar. This increase resulted in Pb
7

mobility rising without a concurrent increase in Pb precipitation rates. When Pb is bound to this
organic matter, and not free floating as ions in the soil solution, it is unavailable to precipitate out
of solution and will appear more mobile than other soils with similar characteristics.
Similar to organic matter, Pb may bind to the surface of clay particles (Lee et al., 1998).
Specifically, the sites of substitution within the aluminosilicate structure give rise to a net
negative charge on the surface of the particle. In general, these are inner sphere complexes
(water is not involved in the soil particle-Pb interaction, resulting in a tighter bond).
The main sites that Pb will bind to at high pH, though, are the iron and magnesium oxides
(Lee et al., 1998). In the absence of these sites, Pb movement is controlled by organic matter and
pH as confirmed by Pampura et al. (2007).
2.6. Soil Remediation
There are several types of remediation that have been proposed and studied for
contaminants in soil. For remediation of Pb, these include physical remediation, electrokinetic
remediation, and bioremediation.
Physical remediation methods involve erecting physical barriers or removal of the
contaminated soil from a site (Liu et al., 2018). Beginning with the latter, as it is the most
common method utilized by the EPA, is excavation and filling. The surface soil is removed
down to the lowest depth of contamination, usually between 6 and 12 inches. This soil is then
transported to a toxic waste site, where measures are taken to prevent the contaminants from
leaching into the soil around the site or otherwise exposing any inhabitants nearby. Alternatively,
the soil may be washed with a strong chelator such as EDTA. This can reduce the contaminant
level in the soil to below the legal threshold to be considered hazardous and it may be then
returned to the excavated site. Whether or not the soil is cleaned, the excavated site is filled with
clean topsoil and stabilized by vegetation like a turfgrass (Laidlaw et al., 2017).
Another physical option, like the first, is covering the contaminated soil with a water
permeable, long-lasting geotextile. This plastic fabric is then covered with a layer of clean soil
and seeded with new vegetation as before. The ideal fabric would be rated to last at least a
century without degradation, so that the risk of the contaminant moving back to the surface is
relatively low. This method is favored over all others by Howard Mielke and similar researchers
as the cost is relatively low compared to other remediation types, and the risk of exposure to Pb
is immediately reduced (Laidlaw et al., 2017; Mielke et al., 2019b).
Similar to the use of geotextiles is the use of landscape coverings to reduce the risk of
exposure to contaminated soil. In a study performed in Chicago, Binns et al. (2004) found that
the simple covering of the contaminated soil by groundcover plant species, mulches, and
hardscapes was enough to reduce the total amount of contaminated soil tracked into homes by
half. They further categorized the types of hazard that Pb posed to health as acute and potential
hazards. Acute hazards were posed by areas of bare soil while potential hazards were areas of
soil covered by impermanent coverings such as mulches, groundcovers, or raised beds. They
followed up on their study by performing a second survey of the homes that agreed to an
intervention and found that acute hazard of soil Pb was reduced by about 500 parts per million,
depending on whether raised beds were part of the intervention. The potential hazard of soil Pb,
however, was not significantly changed. Therefore, to keep the risk of exposure to Pb in soil low,
constant maintenance of the landscaped area is required.
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These options are fast to implement, however they do not solve the problem of Pb
contamination. Excavated soil takes up a great deal of space and is impractical except in areas
with excessive Pb contamination, such as the mine and smelting operation in Bunker Hill, Idaho
and the Agriculture Street landfill in New Orleans, Louisiana. Covering the soil, either with
vegetation or a geotextile, reduces risk of exposure but requires that the barriers remain
undisturbed. To completely remove the risk of Pb exposure, the Pb in the soil must be
completely removed, and it must be done in an economically feasible manner.
Electrokinetic remediation involves the application of a current to the soil to create an
electric potential to promote migration of ions in the soil solution (Iyer, 2001). Pb, being a cation
normally in the 2+ oxidation state, will naturally migrate to the anode in the soil. Over time, the
Pb, and other cations in the soil, will slowly build up on the surface of the anode. The anode may
then be removed, taking all of the Pb that was bound to its surface while leaving the soil
relatively undisturbed. The limiting factor is, however, the availability of Pb in the soil solution.
Chelants such as EDTA have been used to increase Pb solubility to speed up the process, though
the cost to apply enough EDTA to be effective is prohibitive on a large scale (Zhang et al.,
2014).
Phytoremediation is the use of living plants to remediate a soil (Salt et al., 1998). There
are a variety of subsets of phytoremediation that involve breaking down organic contaminants or
volatilizing them into the atmosphere, but phytoextraction is the method best suited for removing
Pb, and other heavy metals, from the soil. It requires the use of plant species that have been
termed hyperaccumulators, which are capable taking up Pb in much greater quantities than other
plant species (van der Ent et al., 2013).
Phytoremediation, like electrokinetic remediation, requires that the contaminant be in an
available form within the soil solution for plant roots to be able to take it up, though many plant
root exudates act as natural chelants capable of binding to and increasing the solubility of heavy
metals. Some species, like Pelargonium sp., acidify the soil around their roots (Arshad et al.,
2008; Arshad et al., 2020), while others are unable to improve mobility within the soil but are
capable of rapidly taking up and transporting Pb from their roots to their shoots, such as those in
the genus Brassica juncea (Epstein et al., 1999; Meyers et al., 2008; Yahaghi et al., 2018).
2.7. The Effect of Pb on Plant Health
The first contact that occurs between a plant and Pb is in the rhizosphere, the area that
demarcates the interaction between plant roots and the soil. In this area, Pb is taken up mainly at
the actively growing root tip and the root hairs (Seregin et al., 2004; Krzeslowska et al., 2010).
From there, depending on the selectivity of ion transporters located in the root cell membranes,
Pb moves apoplastically through the root until it reaches the Casparian strip, blocking further
travel, or symplastically through the root and into xylem for transport up to the shoots. Pb will
continue to accumulate in the root cortex and rhizodermis until concentrations are high enough to
damage the cell membrane of root cells. It is theorized to accomplish this by binding to
carbohydrate groups of the cell membrane, reducing the plasticity of the cell until it bursts due to
changes in intracellular water pressure. The observance of clubbed roots after exposure to Pb
supports this theory.
This theory is further supported by work done by Krzeslowska et al. (2010) who found
that Pb, if continuously exposed to cells in the actively growing root tip, was absorbed into the
cell. They confirmed a mechanism whereby Pb is deposited into the cell wall in conjunction with
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some pectin-like proteins. The cell wall of the actively growing root tip, however, is prone to
changes in cellulose, hemicellose, pectin, and lignin ratios with cell division and elongation,
releasing available Pb back into the extracellular space. In these cells they found increased Pb
uptake into the cytoplasm where additional mechanisms transported Pb to the vacuole and
chloroplasts.
This localization seems to be mediated by glutathione (Gupta et al., 2010). Glutathione is
a tripeptide composed of glutamate, cysteine, and glycine. Bottari et al. (2020) were able to
confirm that glutathione binds to Pb in 1:1 proportion in an ex situ experiment, supporting
glutathione’s role as a Pb ligand within the cytoplasm.
Pb, once in the shoot portion of the plant, significantly decreases photosynthesis and
respiration of plants. Parys et al. (1998) looked at the effects of various Pb concentrations on
cells of Pisum sativum to determine what effects Pb had on various cellular functions. They
found decreased efficiency of photosystem II and Rubisco by 10 and 20%, respectively.
Additionally, continued exposure to Pb increased abscisic acid levels, causing stomatal closure
and drought-like symptoms in Pb exposed plants. Combined, these effects bring about reduced
CO2 fixation and decreased biomass. Some plants have in place mechanisms that ameliorate
these effects, granting tolerance to elevated Pb concentrations in the soil and in plant tissues.
2.8. The Search for Hyperaccumulators
In order for phytoremediation to be effective, the plants used must both be able to
translocate relatively large amounts of Pb into the shoot portion of their biomass and be able to
tolerate the toxic effects of such a high concentration of Pb in their system.
There have been several definitions proposed for what makes a hyperaccumulator. The
first definition that can be found in the literature requires that the shoot portion of the plant
contain 1% Pb when compared to its dry weight (Sahi and Bryant, 2002). The second definition
is that plants must have a translocation factor greater than 1 (Waranusanticul et al., 2008). The
translocation factor is defined as the concentration of Pb found in the shoot portion of the plant
over the concentration of the Pb found in the root portion ([Pb]shoot/[Pb]root). The final definition
of a hyperaccumulator, which seems to be the most used definition in recent articles, is that the
plant must accumulate 1,000 ppm Pb in the shoot portion of the plant by dry weight when grown
in soil deemed not artificially contaminated with Pb at rates below 1,000 ppm (van der Ent et al.,
2013; Reeves et al., 2018).
Plants that are unable to meet this requirement will at best be able to accumulate at levels
equal to those found in the soil, greatly extending the amount of time needed in order to fully
remediate a soil. Along with these conditions involving Pb uptake, there is the extra stipulation
that these plants produce a large amount of biomass during the growing season. Due to the
amount of time required to fully phytoremediate a soil, at best on the order of decades, it is
insufficient for a plant to be able to accumulate a high concentration of Pb without vigorous
growth.
Brassica juncea (Indian Mustard) was one of the original species that was determined to
be able to uptake increased levels of Pb compared to other species (Epstein et al., 1999). It was
first characterized in a hydroponic solution and, while it showed hyperaccumulation according to
the first definition, displayed significant loss of growth at high Pb concentrations in the growing
media.
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Pelargonium x hortorum (Garden Geranium) was characterized according to the most
recent definition, without the stipulation that it be grown in native soil (Manzoor et al., 2020).
However, it is still often found as a model hyperaccumulator species in hydroponic and pot
studies involving the use of chelants and microbe species with the intention of improving uptake.
2.9. Amendments to Improve Pb Uptake
The general definition of a hyperaccumulator is a plant that can uptake a large amount of
Pb, regardless of the definition may be used to describe that amount. Ideally, these plants would
be able to take up Pb without adding anything to the soil to increase the amount of available Pb.
There are, however, plants that match the definition by translocation factor. The problem, then, is
how do we get the Pb into the plants in the first place? The answer: improve the amount of
bioavailable Pb in the soil solution. Many researchers have been working for decades to find a
chelant that improves Pb uptake without increasing to dangerous levels the amount of Pb that
leaches down towards the groundwater.
The search for chelants to improve uptake first began with synthetic agents.
Ethylenediaminetetraacetic acid, EDTA, has been used in micronutrient fertilizers since the
1950s (Saifullah et al., 2009) and was the first chelant to show promise for improving Pb uptake.
There are some significant problems with its use, however. EDTA displays incredibly long hang
time in the soil, which increases the likelihood of heavy metal leaching into the groundwater and
causes symptoms of phytotoxicity to plants when it is in its unchelated form.
The effectiveness of EDTA at improving Pb availability depends on much of the same
factors that control Pb solubility in general. One major factor not yet discussed appears to be the
presence of calcium carbonate in the soil. Calcerous soils require an increased amount of EDTA
to improve Pb solubility when initial levels are low as determined by (Epstein et al., 1999;
Shahid et al., 2014). They determined that maximum uptake of Pb, using B. juncea, occurs in
these types of soils when the concentration of EDTA is twice that of Pb in soil. Further, they
suggest that Pb is translocated to the shoots as the Pb-EDTA complex. This possibly influences
the interactions between cellular components related to Pb tolerance, as was observed in Kim
and Lee (2010).
Some possible substitutes for EDTA were nitrilotriacetic acid (NTA) and
ethylenediamine-N,N’-disuccinic acid (EDDS), and both were studied for their ability to
improve Pb solubility. Neither performed as well as EDTA, and combined with the cost, neither
were ever embraced as the solution to making phytoextraction a viable remediation strategy
(Grčman et al., 2003; Freitas and do Nascimento, 2009).
In the late 90s and early 2000s, researchers began to move away from synthetic chelants.
They turned instead to low molecular weight organic acids and humic substances. These organic
options had the benefit of already being found in soils, along with previous research showing
plant growth promoting effects.
Citric acid is another that has been commonly used over the last decade. It has been
shown to increase plant growth, photosynthesis, and phytoextraction of Pb by alleviating
symptoms of oxidative stress (Mallhi et al., 2019). Part of the increase in photosynthesis appears
to be due to an increase in chlorophyll with increasing concentrations of citric acid. When
compared to EDTA, the effects of citric acid on metal uptake appear to be solely due to increases
in plant health and protection from Pb-induced oxidative stress. In a study performed by Kim and
Lee (2010), citric acid had no significant effect on Pb concentration in the soil solution, unlike
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EDTA which typically increases metal concentration by several orders of magnitude. Once Pb is
in the plant, however, it does appear to increase root to shoot translocation of Pb (Shakoor et al.,
2014).
A newer addition to potential chelants in a compound called lignosulfonate. It is a
byproduct of the paper making process formed when biammonium sulfate is pumped through the
wood pulp to remove the lignin from the cellulose fibers. During this process, sulfate groups are
added to the lignin molecules, making them more soluble than the cellulose fibers. The solution
can then be decanted away from the wood pulp, removing the lignin and yielding lignosulfonate.
This product satisfies two of the requirements to improve Pb solubility, an abundance of
dissolved organic matter combined with sulfate groups that are attractive adsorption sites for Pb
ions. In a study performed recently, a lignosulfonate solution was able to mobilize fifty percent
of the total Pb in a soil contaminated by industrial activity (Liu et al., 2019).
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3. EVALUATION OF SOME COMMON LOUISIANA
GROUNDCOVERS FOR HYPERACCUMULATOR STATUS
3.1. Introduction
Soil contamination with heavy metals has been of increasing concern over the past
several decades, especially in the urban environment. Of the many heavy metals found at
elevated levels, Lead (Pb) has been of primary concern due to its recalcitrance within the soil
profile (Hawkins et al., 1995; Lee et al., 1998; Martinez and Motto, 2000; Sauvé et al., 2003; Hu
et al., 2007; Kylander et al., 2008) and its long lasting toxic effects in the human population, and
especially children (Zahran et al., 2013a; von Lindern et al., 2016; Mielke et al., 2019a; Mielke
et al., 2019b). There have been many historic sources of Pb contamination: point sources like
mining and smelting activities and industrial activities like Pb-acid battery recycling plants and
non-point sources such as Pb paint and Pb gasoline (Mielke, 2018). These sources are
anthropogenic in origin, and disproportionately affect urban over rural areas as evidenced by the
higher levels of Pb in the soils of the former (Burt et al., 2003).
The United States Environmental Protection Agency (USEPA) has soil Pb contamination
standards only for bare ground areas. These are: 400 ppm in children play areas and 1200 ppm in
all other areas. The consideration of only bare soil areas is due to child hand-to-mouth behavior,
or pica, the likelihood of tracking contaminated soil into the home, and the resuspension of
contaminated dust that may be breathed during dry times of year. Often, the method of
remediation chosen is simply covering the exposed area such as with mulch or a living
groundcover plant species.
Since these remediation efforts necessitate continued monitoring and maintenance, it
would behoove us to have methods that also reduce the risk of Pb exposure if in the future the
stabilization activities were to lapse. One such method that has been extensively studied in recent
decades is the process of phytoremediation. It is defined as the process of remediating soils
through the use of living plants. One subset of phytoremediation is phytoextraction, or the
removal of contaminants in the soil by plants transporting them into the above ground portion of
their biomass. This process requires the use of plants that have been determined to be
hyperaccumulators. In the case of Pb, the criteria are either the ability to concentrate Pb as 1,000
mg/kg of the dry weight shoot portion of the plant or the ability to translocate Pb in higher
concentrations in the shoots compared to the roots (van der Ent et al., 2013; Reeves et al., 2018).
Many plant species have been studied for their ability to uptake Pb, however very few
perennial groundcover species commonly used in landscapes have been examined. This study
focuses on three common groundcovers used in Louisiana, United States: Mondo Grass
(Ophiopogon japonicus), Asian Jasmine (Trachelospermum asiaticum), and Ardisia (Ardisia
japonica) grown in an artificially contaminated growing media to determine if they fit the criteria
to be hyperaccumulator species of Pb.
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3.2. Materials and Methods
3.2.1. Preparation of Soilless Media and Plant Material
Media was prepared in one cubic yard batches. In a one cubic yard mixer (Twister I
Batch Mixer, Model No. 12101, Bouldin and Lawson LLC, McMinnville, TN 37110, USA), 18
cubic feet of composted pine bark mulch (Phillips Bark, Brookhaven, MS), 4.5 cubic feet of
mason sand (Bear Industries, Port Allen, LA), 4 cubic feet of peat moss (Lambert Peat Moss,
Quebec, Canada), 8 pounds (3632 grams) of pelletized lime (Lhoist, Port Allen, LA), 10.5
pounds (4767 grams) of 19-5-9 Osmocote (ICL Specialty Fertilizers, Summerville, SC), and 0.5
pounds (227 grams) of Micromax (ICL Specialty Fertilizers, Summerville, SC) were combined
and thoroughly mixed. For each Pb contamination treatment, 54.72 liters of the soilless media
was added to a clean plastic drum. Based on the weight of this media, a 10,000 ppm Pb solution
(SPEX CertiPrep, Metuchen, NJ) was added to the substrate. For the 2000 ppm Pb/kg soil
treatment, 2.166 L of the Pb solution was added. For the 1000 ppm/kg soil treatment, 1.083 L of
the Pb solution was added. A control with no Pb using the same amount of soilless media was
also stored in a clean plastic drum during this period. The media was then equilibrated for 5
days. Actual media contamination rates are reported in Table 2. The contaminated and control
soils were then transferred to trade gallon (~2.28 L) pots. Into these pots, 6 four-inch transplants
of O. japonicas, A. japonica, and T. asiaticum were planted in each rate treatment.
3.2.2. Growing Conditions
For each experimental replicate, the plants were grown for 41 days (~6 weeks) in the fall
of 2020 and in the spring of 2021. These plants were grown under greenhouse conditions with a
60% shade cloth covering and temperatures maintained between 65 and 85 degrees Fahrenheit,
except for the first experimental replicate that started off under a rain shelter for two weeks
before being moved into the greenhouse. During that fall the experimental replicate was affected
by hurricanes Beta and Delta. As Delta passed through our area, the polypropylene roof of the
rain shelter was torn off, but otherwise no harm was caused to the study.
3.2.3. Sample Collection and Analysis
On the final day of the experiment, the shoot portion of the plants was harvested, stored
in a paper sack and placed in a drier (VWR Scientific Inc, Suwanee, GA) at 65̊ C. The root
portion of the plants were thoroughly washed using tap water, allowed to air dry, further
separated from the bark in the soilless media with scissors, then placed in a paper sack and stored
in a drier at 65 ̊C. After the weight of the sample remained stable for 24 hours, the weight of the
plant samples were recorded and then ground using a Wiley mill (Thomas Scientific Wiley Mill
Model No. 3383-L10). The sample was then transferred to a polyethylene lined sample bag
(FisherBrand Catalogue Number 01-818-10) and stored at room temperature out of direct
sunlight until it was transported to the lab for Pb content analysis by ICP-OES using the method
laid out in AOAC Method 985.01.
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3.2.4. Experimental Design and Statistical Analysis
Plants were arranged on an ebb and flow table atop overturned web trays and pig fencing
in order to prevent contamination across Pb rate media treatments (Figure 3.1.). Treatments were
arranged in a randomized block design with the rates acting as the block groups. Each treatment
level was replicated six times per experimental replicate (12 plants per species). Data analysis
was performed using ANOVA with a post-hoc analysis with Tukey’s adjustment using proc glm
(α = 0.05) in SAS Statistical Software, version 9.4. All values are reported as mean values with
associated standard errors. Measurements were taken of fresh weight of plant material, dry
weight of plant material, and Pb concentration in plant tissue by dry weight (Table A.1., sample
dataset and variable description).
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Figure 3.1. Experimental Layout
The following letters correspond to the layout on the right: A (Ardisia japonica); O (Ophiopogon japonicus); T
(Trachelospermum asiaticum). The boxes correspond to the blocks of the Pb rates: Blue (0 ppm Pb control); Yellow
(1000 ppm Pb); Black (2000 ppm Pb)

3.3. Results and Discussion
3.3.1. Effect of Treatment on Pb Concentration in Plant Tissue by Dry Weight
The significant difference in Pb uptake in A. japonica (p < 0.001) across replicates was
only due to the significant difference between the experimental replicates, not the rate treatments
(Table 3.1.). The first replicate showed no significant difference between rate treatments (p =
15

0.124), however the second replicate did have significant differences between rates (p = 0.006).
Based on the tukey post hoc test, the plants receiving the 2000 ppm Pb rate media had
significantly higher Pb concentration in their above ground tissue than those plants grown in the
control rate media (Figure 3.2.).
The significant difference in Pb concentration in above ground tissues of O. japonicus (p
< 0.001) across replicates was due in part to significant differences between rate treatments as
well as also being significantly different between replicates (Table 3.2.). Both replicates were
significantly different (p < 0.001, both replicates) with the plants receiving the 2000 ppm Pb rate
media treatment having significantly higher Pb concentrations in above ground tissue than those
plants receiving the control rate media treatment, though the second replicate saw significantly
higher uptake as compared to the plants receiving the 1000 ppm Pb rate media treatment as well
(Figure 3.3. and Figure 3.4.).
Table 3.1. ANOVA sum of squares source table of treatment effects in A. japonica

Source

DF Type III SS Mean Square F Value Pr > F

Rate

2

Experimental replicate 1

71.422739

35.711369

1402.627336 1402.627336

Figure 3.2. Concentration of Pb in shoots of A. japonica
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1.59

0.2191

62.56

<.0001

Table 3.2. ANOVA sum of squares source table of treatment effects in O. japonicus

Source

DF Type III SS Mean Square F Value Pr > F

Rate

2

796.8406167 398.4203083

19.92

<.0001

Experimental replicate 1

182.3400111 182.3400111

9.11

0.0077

B

AB

A

Figure 3.3. Concentration of Pb in shoots of O. japonicus, Experimental replicate I
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B

B

A

Figure 3.4. Concentration of Pb in shoots of O. japonicus, Experimental replicate II

The significant difference in Pb concentration in above ground tissues of T. asiaticum (p
< 0.001) across replicates was due entirely to the significant difference between rate treatments
(Table 3.3.). The plants receiving the 2000 ppm Pb rate media treatment showed significantly
higher Pb concentration in their above ground tissues as compared to those plants grown in both
the control rate and 1000 ppm Pb rate media treatments (Figure 3.5.). For all three species, the
replicates within each treatment were not significantly different from each other (Tables 3.1-3.3),
though the residuals did not follow a normal distribution (p < 0.001), violating an assumption of
ANOVA.
Table 3.3. ANOVA sum of squares source table of treatment effects in T. asiaticum

Source

DF Type III SS Mean Square F Value Pr > F

Rate

2

Experimental replicate 1

260.5670889 130.2835444

21.44

<.0001

31.5095111

5.19

0.0360

18

31.5095111

B

B

A

Figure 3.5. Concentration of Pb in shoots of T. asiaticum

Though all of these species showed increased accumulation at higher Pb contamination
rates in at least one replicate, none were able to accumulate Pb at concentrations greater than
1000 ppm in their above ground tissues. They are therefore not candidates for consideration as
hyperaccumulators.
3.3.2. Effect of Treatment on Plant Biomass
For all species, rate treatment had no effect on fresh or dry weight (p = 0.067 and 0.590,
respectively). When considering the rate treatment effect on water content (1 – dry weight/fresh
weight), there was a significant effect in the first replicate of T. asiaticum (p = 0.003). The plants
that received the 1000 ppm Pb rate media treatment were significantly higher in water content
than those plants grown in the control rate media (Figure 3.6.). This may be due to the source of
contamination used in the media. The Pb nitrate solution used added bioavailable nitrogen to
those plants grown in the contaminated media. This may have increased the amount of new
growth on these plants, which, with their low cellulose:lignin ratio in old growth, would present
as an apparent increase in water content. Regardless of if there is an increase in new growth,
however, all three of these species may be useful as phytostabilizers of Pb in the landscape due
to the insignificant differences between Pb rates in the media.
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Figure 3.6. Water content of T. asiaticum, Experimental replicate I plants at harvest

3.4. Conclusion
Due to the length of time that is required to fully phytoremediate a Pb contaminated soil,
concurrent beautification of the area is of concern in urban and suburban areas. Identifying
groundcovers, whether they be turfgrass or ornamental, for their use as phytostabilizers or
phytoextractors is of use in meeting this issue. The groundcovers used in this study show
potential in that regard, both for their tolerance of elevated levels of Pb in the media as well as
their overall low uptake of Pb into their shoot portions. This second effect is of primary concern
during maintenance, as elevated levels of Pb may cause clippings collected from these species as
hazardous waste under United States federal law. Further study of these plants is required to
determine whether these uptake rates remain low in a field setting, as well as their overall health
and resistance to other stressors due to varying Pb rates in the soil.
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4. EVALUATION OF LIGNOSULFONATE AS AN AMENDMENT
TO IMPROVE PB UPTAKE IN KNOWN
HYPERACCUMULATORS PELARGONIUM HORTORUM AND
BRASSICA JUNCEA
4.1. Introduction
Over the past several decades, soil contamination has become an increasing concern. One
contaminant commonly occurring in soil, though with increasing concentrations due to human
activity, is Lead (Pb). Historic soil contamination with Pb was due mainly to mining and
smelting activities that processed Pb bearing ore. More recently, use of Pb paint and Pb gasoline
has increased the distribution of Pb contamination to many new areas (Mielke, 2018).
This contamination has been dealt with in many ways, ranging from excavation of
contaminated soil and backfilling with clean soil to simply covering areas with clean soil. One
method of removal, termed phytoextraction, involves the use of living plants to pull
contaminants, in this case Pb, from the soil and into the above ground tissue (van der Ent et al.,
2013; Reeves et al., 2018). This tissue can then be harvested and disposed of in a way that limits
human and environmental contact. Pb is, however, recalcitrant in soils, with many estimates
putting its movement through the soil profile at less than a centimeter per year and removal
through phytoextraction predicted to take several decades, if not centuries (Hawkins et al., 1995;
Lee et al., 1998; Sauvé et al., 2003; Martinez et al., 2004; Semlali et al., 2004; Pampura et al.,
2007; Kylander et al., 2008). It is therefore crucial to find methods that increase Pb solubility in
soil and bioavailability to plants allowing for greater uptake without also increasing the risk of
Pb leaching into the groundwater.
There have been many studies conducted to determine the effectiveness of synthetic
chelants such as ethylene diamine tetraacetic acid (EDTA) (Epstein et al., 1999; Kirham, 2000;
Sun et al., 2001; Saifullah et al., 2009; Shahid et al., 2014), but the long term biodegradability of
these chelants make them unsuitable for use in the natural environment. Efforts then moved to
organic acids such as citric and malic acid (Wu et al., 2003; Alkorta et al., 2004; Kim and Lee,
2010; Shakoor et al., 2014; Mallhi et al., 2019; Gul et al., 2020), that are common root exudates.
These compounds have the added effect of being biodegradable so that the increased Pb
solubility is not maintained for long periods of time. While each compound shows potential in
increasing Pb uptake, the major downside to them is their high cost.
Recently, lignosulfonate, a byproduct of the paper making process and also commonly
used in dust suppression on dirt and gravel roads, was shown to increase Pb solubility in a soil
contaminated with Pb from mine tailings (Liu et al., 2019). The focus of this study was to
determine the effect of lignosulfonate on Pb uptake in known hyperaccumulators Brassica
juncea (Meyers et al., 2008) and Pelargonium x hortorum (Arshad et al., 2008; Arshad et al.,
2020) in an artificially contaminated growing media. Further, the leachate from the study pots
was measured for Pb content, as well as pH and electroconductivity, to determine what effect the
amendment had on the soil solution around the plant roots. The lignosulfonate used in the study
was produced using biammonium sulfate, so an ammonium sulfate control was used to account
for the acidifying effects of ammonia on Pb uptake (Xiong and Lu, 2002; Gul et al., 2020).
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4.2. Materials and Methods
4.2.1. Preparation of Soilless Media and Plant Material
Media was prepared in one cubic yard batches. In a one cubic yard mixer (Twister I
Batch Mixer, Model No. 12101, Bouldin and Lawson LLC, McMinnville, TN 37110, USA), 18
cubic feet of composted pine bark mulch (Phillips Bark, Brookhaven, MS), 4.5 cubic feet of
mason sand (Bear Industries, Port Allen, LA), 4 cubic feet of peat moss (Lambert Peat Moss,
Quebec, Canada), 8 pounds (3632 grams) of pelletized lime (Lhoist, Port Allen, LA), 10.5
pounds (4767 grams) of 19-5-9 Osmocote (ICL Specialty Fertilizers, Summerville, SC), and 0.5
pounds (227 grams) of Micromax (ICL Specialty Fertilizers, Summerville, SC) were combined
and thoroughly mixed. For each Pb contamination treatment, 7.2 liters of the soilless media was
added to a clean plastic drum. Based on the weight of this media, a 10,000 ppm Pb solution
(SPEX CertiPrep, Metuchen, NJ) was added to the substrate. For the 500 ppm Pb/kg soil
treatment, 0.36 L of the Pb nitrate solution was added. For the 250 ppm/kg soil treatment, 0.18 L
of the Pb solution was added. The media was then allowed to equilibrate for 5 days. The
contaminated and control soils were then transferred to pint (~400 mL) pots. Into these pots, 14day-old P. hortorum ‘Maverick’ (Ball Seed, Chicago, IL) or B. juncea ‘Florida Broadleaf’
(Clegg’s Nursery, Denham Springs, LA) seedlings were transplanted.
4.2.2. Growing Conditions
For experimental replicates involving P. hortorum, the plants were grown for 41 days (~6
weeks) in the fall of 2020 and spring of 2021 For the experimental replicates involving B.
juncea, the plants were grown for 34 days (~5 weeks) in the winter and spring of 2021. Both
plants were grown under greenhouse conditions (60℉/85℉ night/day) with a 60% shade cloth,
except for the first P. hortorum experimental replicate which was grown under a rain shelter for
the first two weeks of the experimental replicate. During that fall, that experimental replicate was
affected by hurricanes Beta and Delta. As Delta passed through our area, the polypropylene roof
was torn off the rain shelter, but otherwise appeared to do no harm to the study. These plants
were subsequently moved into a nearby greenhouse with temperatures maintained between 60℉
and 85℉ for the remainder of the study (30 days). While the plants were exposed to ambient
temperatures, the high was 88℉ and the low was 51℉.
The plants were watered by drip emitter (0.5 gph, IrrigationMart, Baton Rouge, LA) for 4
minutes, giving a theoretical amount of 125 mL, every day except on days of leachate collection.
In order to generate enough leachate for later analysis, the plants were watered for 7 minutes,
giving a theoretical 220 mL of water to the plants.
4.2.3. Sample Collection and Analysis
Leachate samples were collected after irrigation events every 7 days, beginning on day 8
and continuing until the day of harvest. The volume of the leachate was recorded, and a 15 mL
sample was stored in polypropylene centrifuge tubes (FisherBrand Catalogue Number 05-539-5).
These samples were stored at 40℉ until they were transported to the LSU AgCenter Soil Lab for
analysis. The pH, EC, and total salts for each sample were taken before the sample was analyzed
for Pb content by ICP-MS. After the final leachate sample was taken, the shoot portion of the
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plants was harvested, stored in a paper sack and placed in a drier (VWR Scientific Inc, Suwanee,
GA) at 65°C. After the weight of the sample and sack remained stable for 24 hours, the weight of
the plant sample was recorded and the plant sample was ground using a Wiley mill (Thomas
Scientific Wiley Mill Model No. 3383-L10). The sample was then transferred to a polyethylene
lined sample bag (FisherBrand Catalogue Number 01-818-10) and stored at room temperature
out of direct sunlight until it was transported to the lab for Pb content analysis by ICP-OES using
the method laid out in AOAC Method 985.01.
4.2.4. Experimental Design and Statistical Analysis
Plants were arranged on an ebb and flow table with treatments cross-classified according
to Pb contamination rate and amendment in a completely random design (Figure 4.1.). Each
treatment level was replicated six times per study (12 plants per species, 24 plants total for each
treatment level). Data analysis was performed using ANOVA with a post-hoc analysis with
Tukey’s adjustment using proc glm (for standard ANOVA) and proc mixed (for significance
letters of repeated measures variables) functions (α = 0.05) in SAS Statistical Software, version
9.4. All values are reported as mean values with associated standard errors. Measurements were
taken of fresh weight of plant material, dry weight of plant material, Pb concentration in plant
tissue by dry weight, volume of leachate, Pb concentration in leachate, EC of leachate, and pH of
leachate (Table A.2., sample dataset and variable description).
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Figure 4.1. Experimental Layout
The following letters and numbers correspond to the layout on the right: 0 (0 ppm Pb); 5 (500 ppm Pb); 10 (1000
ppm Pb); C (no amendment control); N (ammonium sulfate); L (lignosulfonate)
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4.3. Results and Discussion
For the following sections, an unbalanced ANOVA was run when the first replicate of the
P. hortorum study is discussed due to plant mortality that occurred to two plants in weeks three
and four of the replicate.
4.3.1. Effect of Rate and Amendment on Concentration of Pb in the Leachate
B. juncea plants had significant differences in Pb concentration in the leachate between
treatments and leachates (p < 0.001) with the differences appearing between all treatments and
their interactions up to the interaction between leachate, amendment, and rate (Table 4.1.). There
was not a significant difference between replicates of B. juncea. The largest difference was in the
leachate 1 day after receiving the lignosulfonate amendment treatment, with the plants receiving
the 1000 ppm Pb rate media treatment having higher Pb concentrations than the plants receiving
the 500 ppm Pb rate media treatment. These two treatments were also significantly higher than
all other treatment combinations and leachates, including those leachates taken one week after
amendment application (Figure 4.2., significance letters in Table A.4.).
P. hortorum plants also had significant differences in Pb concentration in the leachate
between treatments and leachates (p < 0.001) with differences appearing between replicates of P.
hortorum (p < 0.001). The first replicate had significant differences between treatments and
leachates (p < 0.001) with significance appearing in all treatment levels and in the interaction
between amendment and rate treatments and in the interaction between leachate number and
amendment treatment (Table 4.2.). In the first replicate, those plants receiving the lignosulfonate
amendment and the 1000 ppm Pb rate media and 500 ppm Pb rate media treatments had higher
Pb concentrations in the leachate as compared to all other combinations of amendment and Pb
rate media treatments (Figure 4.3.). There was also significantly higher Pb concentrations in the
second leachate of those plants treated with lignosulfonate than all others (Figure 4.3.,
significance letters in Table A.5.). In the second P. hortorum replicate, there was also
significance between treatments and leachates (p < 0.001) with significance appearing up to the
interaction between leachate number and amendment and rate treatments (Table 4.3.). As was
seen in the B. juncea plants, the leachate of the plants grown in the 500 and 1000 ppm Pb rate
media treatments 1 day after application of lignosulfonate had significantly higher Pb
concentrations in the leachates than all other treatment and leachate number combinations
(Figure A., significance letters in Table A.6.).
For both the B. juncea plants and the second replicate of the P. hortorum plants, there
was some significant increase between the lignosulfonate amendment and 1000 ppm Pb rate
media treatment in the third leachate, however the levels were an order of magnitude lower, in
the case of B. juncea, or one fifth lower, in the case of P. hortorum. The residuals do not follow a
normal distribution (p < 0.001).
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Table 4.1. ANOVA sum of squares table for the interaction of treatments and leachate number on Pb concentration
in the leachate of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

2.37341850 1.18670925

160.41

<.0001

Rate

2

0.78807357 0.39403679

53.26

<.0001

Amendment*Rate

4

1.35664083 0.33916021

45.85

<.0001

Leachate

2

1.92878287 0.96439144

130.36

<.0001

Leachate*Amendment

4

3.69307520 0.92326880

124.80

<.0001

Leachate*Rate

4

1.06967502 0.26741876

36.15

<.0001

Leachate*Amendment*Rate 8

1.98242946 0.24780368

33.50

<.0001

Experimental replicate

0.00910165 0.00910165

1.23

0.2683

1

Control

BC C A

BC BC AB

BC C BC

Concentration of Pb (ppm)

Concentration of Pb (ppm)

Ammonium Sulfate

A A A

A A A
A A A

Leachate

Leachate

Concentration of Pb (ppm)

Lignosulfonate

C B A
Rate
0

C C C
C C C
Leachate

Figure 4.2. Concentration of Pb in the second leachate of B. juncea
Significance letters are according to leachate by rate within each amendment grouping

25

500

1000

Table 4.2. ANOVA sum of squares table for the interaction of treatments and leachate number on the Pb
concentration in the leachate of the first experimental replicate of P. hortorum

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

0.24010833 0.12005417

23.25

<.0001

Rate

2

0.04352933 0.02176467

4.21

0.0168

Amendment*Rate

4

0.09337778 0.02334444

4.52

0.0019

Leachate

2

0.06968548 0.03484274

6.75

0.0016

Leachate*Amendment

4

0.17232096 0.04308024

8.34

<.0001

Leachate*Rate

4

0.02342707 0.00585677

1.13

0.3432

Leachate*Amendment*Rate 8

0.05984715 0.00748089

1.45

0.1821

Concentration of Pb (ppm)

Concentration of Pb in the leachate of trial I of P. hortorum, leachate by amendment interaction

A

B
B

B

B

B

B

B

B

Leachate*Amendment
Figure 4.3. Concentration of Pb in the leachate of trial I of P. hortorum, leachate by amendment
interaction
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Table 4.3. ANOVA sum of squares table for the interaction of treatments and leachate number on the Pb
concentration in the leachate of the second experimental replicate of P. hortorum

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

1.07826860 0.53913430

65.78

<.0001

Rate

2

0.32298164 0.16149082

19.70

<.0001

Amendment*Rate

4

0.38567328 0.09641832

11.76

<.0001

Leachate

2

0.57600779 0.28800390

35.14

<.0001

Leachate*Amendment

4

1.05379902 0.26344976

32.14

<.0001

Leachate*Rate

4

0.29089543 0.07272386

8.87

<.0001

Leachate*Amendment*Rate 8

0.54106864 0.06763358

8.25

<.0001

A A
E B B
C
D

D D
E E A

Control
B
C C A
D D B
E E C

Concentration of Pb (ppm)

Concentration of Pb (ppm)

Ammonium Sulfate
A
B
C C A

A
B B A
C C B

A A A
B B B
C C C

Leachate

Leachate

Concentration of Pb (ppm)

Lignosulfonate

B A A

B B B

Rate

B B B

0

Leachate
Figure 4.4. Concentration of Pb in the second leachate of B. juncea
Significance letters are according to leachate by rate by amendment
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4.3.2. Effect of Treatment on Concentration of Pb in Tissue by Dry Weight
B. juncea plants had increased Pb uptake due only to changes in Pb contamination rate in
the media (p = 0.001). The plants grown in 1000 ppm Pb media having significantly higher
uptake than the plants grown in the control media and the 500 ppm Pb rate media (Figure 4.5.).
P. hortorum plants also had increased Pb uptake due only to changes in Pb contamination
rate in the media (p = 0.005). The plants grown in 1000 ppm Pb media had significantly higher
uptake than the plants grown in the control media and the 500 ppm Pb rate media (Figure 4.6.).
The residuals did not follow a normal distribution (p < 0.001), violating one of the assumptions
of ANOVA.

Concentration of Pb (ppm)

Concentration of Pb in the plant tissue of B. juncea

B

B

A

Rate
Figure 4.5. Concentration of Pb in the plant tissue of B. juncea across media contamination rates
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Concentration of Pb (ppm)

Concentration of Pb in the plant tissue of P. hortorum

B

B

A

Rate
Figure 4.6. Concentration of Pb in the plant tissue of P. hortorum across media contamination rates

Taken with the results obtained from the leachate samples, this shows that, although Pb
solubility is increased in the liquid phase of the media, uptake into plant tissues is not increased.
This may be due to the phytotoxicity symptoms discussed in the following sections.
4.3.3. Effect of Rate and Amendment on Fresh Weight of Plants at Harvest
B. juncea plants had significant differences in fresh weight between treatments (p <
0.001). We analyzed the effect of amendment and rate to the fresh weight of B. juncea plants.
We found that both amendment and rate, separately, have a statistically significant effect on the
fresh weight. Their interaction does not seem to affect the fresh weight significantly (Table 4.4.).
These effects were similarly seen in each of the experimental replicates (Table 4.5. and Table
4.6.) There were also significant differences between experiment replicates involving B. juncea,
thought the differences within replicates followed similar trends across replicates (Table 4.4.).
The first replicate displayed significant differences between treatments (p < 0.001) with the
amendment treatments and rate treatments, but not their interaction (Table 4.5.). In the first
replicate, the lignosulfonate treatment plants had significantly lower fresh weights than those
plants receiving the control and ammonium sulfate treatments and the plants receiving the 500
ppm Pb rate media treatment had significantly higher fresh weight than those plants receiving the
control media and the 1000 ppm Pb rate media (Figure 4.7.).
Like the first replicate, the second replicate also displayed significantly reduced fresh
weight of the plants receiving the lignosulfonate amendment treatment than those plants
receiving either the ammonium sulfate or control amendment treatments. Unlike the first
replicate, the second replicate had significantly reduced fresh weight in those plants receiving the
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1000 ppm Pb rate media treatment as compared to those plants receiving the control media
treatment (Figure 4.8.).
P. hortorum plants also showed significant differences between treatments with
consideration to both replicates (p < 0.001), observed between amendment treatments (Table
4.7.). The first replicate had no significant differences between treatments (p = 0.108). The
second replicate had significant differences between treatments (p < 0.001), observed between
amendment treatments and the interaction of amendment and rate treatments (Table 4.8.). In this
replicate, significantly lower fresh weights were observed in plants receiving the lignosulfonate
amendment as compared to those plants receiving either the control or ammonium sulfate
amendments (Figure 4.9.). The residuals followed a normal distribution (p = 0.344).
Table 4.4. ANOVA sum of squares table for the interaction of treatments on fresh weight of B. juncea at harvest

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

25260.76389 12630.38194

138.05

<.0001

Rate

2

992.31500

496.15750

5.42

0.0058

Amendment*Rate

4

416.49944

104.12486

1.14

0.3432

200.26

<.0001

Experimental replicate 1

18322.26750 18322.26750

Table 4.5. ANOVA sum of squares table for the interaction of treatments on fresh weight of the first experimental
replicate of B. juncea at harvest

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

22585.76444 11292.88222

222.95

<.0001

Rate

2

1627.68778

813.84389

16.07

<.0001

455.50778

113.87694

2.25

0.0787

Amendment*Rate 4
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Fresh weight (g)

Fresh weight of plant tissue from trial I of B. juncea

Amendment*Rate
Figure 4.7. Fresh weight of plant tissue from trial I of B. juncea
Boxes indicate significance between amendment treatments only.
Table 4.6. ANOVA sum of squares table for the interaction of treatments on fresh weight of the second experimental
replicate of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

5661.514444 2830.757222

54.25

<.0001

Rate

2

415.214444

207.607222

3.98

0.0256

Amendment*Rate 4

262.944444

65.736111

1.26

0.2998
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Fresh weight (g)

Fresh weight of plant tissue from trial II of B. juncea

Amendment*Rate
Figure 4.8. Fresh weight of plant tissue from trial II of B. juncea
Boxes indicate significance between amendment treatments only.
Table 4.7. ANOVA sum of squares table of the interaction of treatments on fresh weight of P. hortorum at harvest

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

2567.282404 1283.641202

21.46

<.0001

Rate

2

20.450003

10.225001

0.17

0.8431

Amendment*Rate

4

520.626746

130.156686

2.18

0.0776

17.38

<.0001

Experimental replicate 1

1039.300001 1039.300001

Table 4.8. ANOVA sum of squares table of the interaction of treatments on fresh weight of the second experimental
replicate of P. hortorum at harvest

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

2074.393704 1037.196852

19.36

<.0001

Rate

2

48.069259

0.45

0.6413

4.76

0.0028

Amendment*Rate 4

24.034630

1019.427407 254.856852
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Fresh weight (g)

Fresh weight of plant tissue from trial II of P. hortorum

Amendment*Rate
Figure 4.9. Fresh weight of plant tissue from trial II of P. hortorum
Boxes indicate significance between amendment treatments only.

Though it appeared that superficially there was no damage caused to the first replicate
involving P. hortorum, the effect of hurricane Delta cannot be discounted in the differences
observed between replicates of the experiment using P. hortorum, wherein the plants received an
extra 9 inches of rain. To the specific change it caused I cannot speculate, as the amendment
treatments were applied two weeks after the storm. The differences between replicates of B.
juncea may be due to the difference in day length. The replicates were performed consecutively,
beginning on January 1, 2021, and continuing until March 18, 2021, so that the second replicate
was receiving much more sunlight and having to compensate for more oxidative stress due to
photosynthesis than the first replicate, and thereby reducing its ability to compensate to stress
related to Pb. In addition, those plants receiving the higher Pb rate media treatments were also
receiving increased bioavailable nitrogen. This may be due to the Pb nitrate solution used to
contaminate the media. Combined with the increased available nitrogen and the reduced amount
of stress from excess sunlight later in the spring, the first replicate plants of B. juncea seem to
have had improved growth at the 500 ppm Pb media treatment. This is not to imply that the
plants have some yet unseen use for Pb in their tissues.
4.3.4. Effect of Rate and Amendment on Dry Weight of Plants at Harvest
B. juncea plants had significant changes in dry weight with respect to amendment and
rate, but not in their interaction (p < 0.001). There were also significant differences between the
dry weights of the two replicates involving B. juncea (Table 4.9.), though both replicates
exhibited similar relationships (Table 4.10. and Table 4.11.). The first replicate displayed
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significant differences between all three amendment treatments, with the control treatment
having the highest dry weight and the lignosulfonate treatment having the lowest dry weight, and
the 1000 ppm Pb rate treatment having significantly less dry weight than both the control
treatment and the 500 ppm Pb rate treatment (Figure 4.9.). The second replicate displayed
significantly lower dry weights between the lignosulfonate treatment and the other two
amendment treatments and the control Pb rate treatment having significantly higher dry weights
than those plants grown in the 1000 and 500 ppm Pb rate treatments (Figure 4.10.).
P. hortorum plants also showed significant differences between treatments (p < 0.001),
with the amendment treatment being associated with a significant difference in dry weight across
both experimental replicates (Table 4.12.). As with the experiments involving B. juncea, there
was also a significant difference between the P. hortorum experiments. The first experiment
showed no significant difference between the dry weight of plants receiving different treatments
(p = 0.354). The second experiment did have significant differences between treatments (p =
0.004), with the amendment and amendment by rate interaction showing significant differences
between treatments (Table 4.13.). Based on the tukey post hoc test, the plants in the control
group had significantly higher dry weights than the plants receiving the lignosulfonate
amendment treatment (Figure 4.11.). The residuals followed a normal distribution (p = 0.497).
Table 4.9. ANOVA sum of squares table of the interaction of treatments on the dry weight of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

52.16351852 26.08175926

62.82

<.0001

Rate

2

11.82740741 5.91370370

14.24

<.0001

Amendment*Rate

4

0.79648148

0.48

0.7506

204.25

<.0001

Experimental replicate 1

0.19912037

84.80083333 84.80083333

Table 4.10. ANOVA sum of squares table of the interaction of treatments on the dry weight of the first experimental
replicate of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

38.48259259 19.24129630

48.23

<.0001

Rate

2

12.44037037 6.22018519

15.59

<.0001

2.20296296

1.38

0.2559

Amendment*Rate 4
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0.55074074

Dry weight (g)

Dry weight of plant tissue from trial I of B. juncea

Amendment*Rate
Figure 4.10. Dry weight of plant tissue from trial I of B. juncea
Boxes indicate significance between amendment treatments only.
Table 4.11. ANOVA sum of squares table of the interaction of treatments on the dry weight of the second
experimental replicate of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

16.21592593 8.10796296

27.60

<.0001

Rate

2

4.35592593

2.17796296

7.41

0.0016

Amendment*Rate 4

0.60629630

0.15157407

0.52

0.7243
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Dry weight (g)

Dry weight of plant tissue from trial II of B. juncea

Amendment*Rate
Figure 4.11. Dry weight of plant tissue from trial II of B. juncea
Boxes indicate significance between amendment treatments only.
Table 4.12. ANOVA sum of squares table of the interaction of treatments on the dry weight of P. hortorum

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

10.62489736 5.31244868

6.80

0.0017

Rate

2

0.51423464

0.25711732

0.33

0.7202

Amendment*Rate

4

7.65169000

1.91292250

2.45

0.0515

Experimental replicate 1

7.68018133

7.68018133

9.84

0.0023

Table 4.13. ANOVA sum of squares table of the interaction of treatments on the dry weight of the second
experimental replicate of P. hortorum

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

7.41448227

3.70724113

4.56

0.0158

Rate

2

0.64470686

0.32235343

0.40

0.6749

13.38275964 3.34568991

4.12

0.0064

Amendment*Rate 4
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Dry weight (g)

Dry weight of plant tissue from trial II of P. hortorum

Amendment*Rate
Figure 4.12. Fresh weight of plant tissue from trial II of P. hortorum
Boxes indicate significance between amendment treatments only.

These results, taken with the fresh weight results from these plants, are indicative of the
phytotoxic effect lignosulfonate appears to have on plants. Based on the insignificant difference
in uptake of Pb due to amendment treatments, it appears that the interaction between amendment
and rate treatments on plant dry weight is due to the combination of stress effects from the Pb
rate of the media and the stress effects of the lignosulfonate amendment. The concentration of Pb
in the roots of the plants was not considered, however, so I cannot conclusively say that the
reduced dry weight was due solely to the combination of stress effects of Pb and lignosulfonate
in the media, with no effect from increased Pb uptake into the roots of the plants and the stress
associated from such an increase.
4.3.5. Effect of Rate and Amendment on Water Content of Plants at Harvest
To reduce the variability of plant fresh weight and dry weight at harvest, the relationship
between fresh weight and dry weight was also considered (1 – dry weight/fresh weight). This
represents the water content of the plants at harvest, which can account for necrosis and wilting
in plants with a high cellulose:lignin ratio.
B. juncea plants had significant differences in water content between treatments (p <
0.001), specifically between amendment treatments (Table 4.14.). There were, however,
significant differences between replicates of B. juncea, though both displayed the same overall
relationship in their results. Both replicates had significant differences between treatments (p <
0.001, both replicates), with differences observed only between amendment treatments (Table
4.15 and Table 4.16). And in both replicates, the plants receiving the lignosulfonate amendment
treatment had significantly lower water contents than those plants receiving either the control or
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ammonium sulfate amendments (Figure 4.12.). Similarly, water content of P. hortorum replicates
were significant between treatments (p < 0.001), and only between amendment treatments (Table
4.17). Like the B. juncea plants, the P. hortorum plants that received the lignosulfonate
amendment treatment had significantly lower water contents than those plants that received the
control or ammonium sulfate amendment treatments (Figure 4.13.). There were no significant
differences between the replicates of P. hortorum. The residuals do not follow a normal
distribution (p < 0.001), violating an assumption of ANOVA.
Table 4.14. ANOVA sum of squares table of the interaction of treatments on the water content of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

0.19027719 0.09513859

47.51

<.0001

Rate

2

0.00090875 0.00045438

0.23

0.7974

Amendment*Rate

4

0.01294838 0.00323709

1.62

0.1762

Experimental replicate 1

0.03041399 0.03041399

15.19

0.0002

Table 4.15. ANOVA sum of squares table of the interaction of treatments on the water content of the first
experimental replicate of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

0.08185651 0.04092825

68.67

<.0001

Rate

2

0.00236186 0.00118093

1.98

0.1497

Amendment*Rate 4

0.00123121 0.00030780

0.52

0.7240

Table 4.16. ANOVA sum of squares table of the interaction of treatments on the water content of the second
experimental replicate of B. juncea

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

0.10943754 0.05471877

15.33

<.0001

Rate

2

0.00039301 0.00019651

0.06

0.9465

Amendment*Rate 4

0.01766768 0.00441692

1.24

0.3086
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Water Content

Water content of plant tissues of B. juncea at harvest

Amendment*Rate
Figure 4.13. Water content of plant tissue of B. juncea at harvest
Boxes indicate significance between amendment treatments only.
Table 4.17. ANOVA sum of squares table of the interaction of treatments on the water content of P. hortorum

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

0.07877527 0.03938764

32.48

<.0001

Rate

2

0.00067348 0.00033674

0.28

0.7582

Amendment*Rate

4

0.00543145 0.00135786

1.12

0.3521

Experimental replicate 1

0.00359595 0.00359595

2.96

0.0884
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Water Content

Water content of plant tissues of P. hortorum at harvest

Amendment*Rate
Figure 4.14. Water content of plant tissue of B. juncea at harvest
Boxes indicate significance between amendment treatments only.

Based on these results, water content appears to be a good measure for plant health when
the observed phytotoxic effects are necrosis and plant wilting. It appears to be able to remove
some of the confounding effects introduced by hurricane Delta on the first P. hortorum replicate
and it produced the same relationship between amendment treatments in the B. juncea replicates,
though it could not remove the significant difference between the two replicates. Overall, this
measure displays lignosulfonate’s negative effect on plant health, regardless of the concentration
of Pb in the media.
4.3.6. Shortcomings of the Experiment
There was one major statistical shortcoming in this experiment. Most of the experimental
replicates were significantly different from each other with respect to the four output variables
that were examined. Much of the difference between the two experimental replicates of P.
hortorum may be attributed to the effects of hurricane Delta. Though the plants in the first
experimental replicate did not appear to be damaged, they did receive several inches of rain that
the second experimental replicate did not receive. This may have caused leaching of most of the
available forms of Pb present in the media, as well as much of the available nutrients. The
nutrient source used in these experiments was a slow release, so the dearth of nutrients would
have been transient, but still could have stunted the growth of the plants leading to the reduced
fresh and dry weights seen in the first experimental replicate as compared to the second.
It is more difficult to explain the differences seen between the experimental replicates of
B. juncea. Both were grown in the same greenhouse under the same climate control settings.
However, the ebb and flow table that the plants were grown on was placed next to the clear
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plastic wall of the greenhouse. The walls may have helped to trap extra heat as the days grew in
length and the ambient temperatures rose. Since both experimental replicates received the same
amount of water, this caused wilting during the second experimental replicate in the late
afternoon. This reduced vigor may have been the reason for the lower fresh weights and dry
weights, and reduced Pb uptake, observed in the second experimental replicate.
4.4. Conclusion
In this study, lignosulfonate was confirmed to increase the mobility of Pb in an organic
substrate. In conjunction with the findings of Liu et al. (2019), this suggests lignosulfonate may
have broad application as a washing medium for the removal of Pb from contaminated soils.
Further study is required to understand how lignosulfonate interacts with Pb and, due to its
heterogenous nature, whether isolating certain size fractions of lignosulfonate could be used to
further increase its effectiveness at mobilizing Pb.
Due to lignosulfonate’s phytotoxic effects on the plants used in this study, however, the
direct application of lignosulfonate to landscape soils is not advised. Further study is required to
determine whether this is an effect of the lignosulfonate compound or some component from the
source wood pulp. If the phytotoxic effects of lignosulfonate are due to components of the source
wood pulp, further study should be performed to determine if increased Pb mobility due to
lignosulfonate leads to increased bioavailability and uptake into the plant.
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5. FINAL CONCLUSIONS
Pb contamination of soils is an ongoing problem in the United States. Elevated levels
have been correlated with increased risk of elevated PbBs, particularly in children. Research has
therefore turned to reducing our risk of exposure by reducing the total amount of Pb in the soil or
reducing our contact with contaminated soil through practices such as phytoremediation. In these
studies, groundcovers common in Louisiana landscapes were tested for their capability to uptake
Pb as well as their ability to tolerate elevated Pb levels in their growing media. Finally, a new
soil amendment, lignosulfonate, previously shown for its ability to increase the mobility of Pb in
a contaminated soil was tested for its ability to increase uptake of Pb in known
hyperaccumulators as well as its effect on overall plant health.
Because of the length of time that is required to fully phytoremediate a Pb contaminated
soil, concurrent beautification of the area is of concern in urban and suburban areas. Identifying
groundcovers, whether they be turfgrass or ornamental, for their use as phytostabilizers or
phytoextractors is of use in addressing this concern. The groundcovers used in this study show
potential as phytostabilizers, both for their tolerance of elevated levels of Pb in the media as well
as their overall low uptake of Pb into their shoot portions. This second effect is of primary
concern during ongoing maintenance, as elevated levels of Pb may cause clippings collected
from these species to be considered hazardous waste under United States federal law. Further
study of these plants is required to determine whether these uptake rates remain low in a field
setting, as well as their overall health and resistance to other stressors due to varying Pb rates in
the soil. There are additional groundcovers that may be tested for their ability to uptake or
tolerate high levels of Pb. Ficus pumila (Creeping Fig) and Liriope muscari (Liriope) are two
such common groundcovers available in Louisiana. Rather than testing these plants in artificially
contaminated soils, it may be more cost effective to locate areas already contaminated with Pb
and grow them in these soils. The problems seen in this study, however, would likely be
exacerbated in such a natural setting. Variations in microclimatic conditions such as light, wind
flow, and irrigation settings or lack thereof would need to be taken into consideration when
determining if these plants have the capability to hyperaccumulate Pb or else tolerate elevated
levels of Pb in the soil.
In the second study, lignosulfonate was confirmed to increase the mobility of Pb in an
organic substrate. In conjunction with the findings of Liu et al. (2019), this suggests
lignosulfonate may have broad application as a washing agent for the removal of Pb from
contaminated soils. Further study is required to understand how lignosulfonate interacts with Pb
and, due to its heterogenous nature, whether isolating certain size fractions of lignosulfonate
could be used to further increase its effectiveness at mobilizing Pb.
Because of lignosulfonate’s phytotoxic effects on the plants used in this study, however,
the direct application of lignosulfonate to landscape soils is not advised. Further study is required
to determine whether this is an effect of the lignosulfonate compound or some component from
the source wood pulp. The long polymer chains of lignosulfonate lend themselves well to
separation via liquid chromatography, and their heterogenous nature would allow for separation
based on degree of sulfonation and size as seen by Musl et al. (2020). These compounds could
then be used in an agar media to determine their effects on seed germination and seedling
growth. Since plants are very sensitive at that stage, the most phytotoxic compounds should be
tested again in a more complex media, such as a potting soil, with older plants. If the
lignosulfonates are determined to not be phytotoxic, a retesting of its effects on Pb mobility,
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either in a soilless substrate as was used in this study or in naturally contaminated soil, should be
done to ensure the mobility seen in this study is not due to another of the components in the
lignosulfonate solution. Furthermore, it would be useful to determine if this increased mobility
has a corresponding increase in uptake into plant tissues in a soil substrate, as Pb is found in
many different forms in soil and each may respond differently to lignosulfonate application.
Lastly, special care should be taken to ensure that if any hyperaccumulator is used in
remediating Pb from soil, that the waste generated from regular trimming or complete removal
be treated in accordance with federal regulations regarding hazardous waste. That is, according
to the Resource Conservation and Recovery Act (RCRA), any waste material containing greater
than 5 ppm Pb is considered hazardous waste. The tissues of a hyperaccumulator, by definition,
contain at least 1000 ppm Pb by dry weight. RCRA guidelines do not take into consideration the
concentration at dry weight, only the concentration of the material when it is disposed of.
However, even if the plant material has a water content of 99%, it will still contain at least 10
ppm Pb when harvested fresh, well above this threshold. It is therefore necessary to have
individuals who are trained, and licensed, to handle hazardous waste at any site that is being
phytoremediated for Pb and that proper precautions are in place to prevent the potential
contamination of surrounding areas.
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SUPPLEMENTARY INFORMATION
Table A.1. Example Observation from Chapter 3: EVALUATION OF SOME COMMON LOUISIANA GROUNDCOVERS FOR HYPERACCUMULATOR
STATUS

Sample
0A1

Rate

Sp
FWS
0 Ardisia japonica

DWS
33

WCS
PbS
PbTS
Trial
12.5 0.621212
24.7 0.30875

Sample: Sample ID (Used in laboratory procedures)
Rate: Pb concentration in media
Sp: Species of sample
FWS: Fresh weight of sample at harvest
DWS: Dry weight of sample
WCS: Water content of sample at harvest
PbS: Pb content of sample by dry weight
PbTS: Total Pb in sample in mg (DWS x PbS / 1000)
Trial: Experimental replicate
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Table A.2. Example Observation from Chapter 4: EVALUATION OF LIGNOSULFONATE AS AN AMENDMENT TO IMPROVE PB UPTAKE IN
KNOWN HYPERACCUMULATORS PELARGONIUM HORTORUM AND BRASSICA JUNCEA

Sample
0.C.1

Rep

Ec2L
V3L
291.1

Amendment
Rate
1 Control

V1L

0

Pb1L
TL1L
pH1L
Ec1L
V2L
150
0.021 0.00315
7.09
346

Pb3L
TL3L
pH3L
Ec3L
FW
150
0.019 0.00285
7.22
347

DW

Sample: Sample ID (Used in laboratory procedures)
Rep: Sample Replication within treatment
Amendment: Amendment applied to sample
Rate: Pb concentration in media
V1L: Volume of the first leachate
Pb1L: Concentration of Pb in the first leachate
TL1L: Total Pb in the first leachate in mg (V1L x Pb1L / 1000)
pH1L: pH of the first leachate
Ec1L: Electroconductivity of the first leachate
V2L: Volume of the second leachate
Pb2L: Concentration of Pb in the second leachate
TL2L: Total Pb in the second leachate in mg (V2L x Pb2L / 1000)
pH2L: pH of the second leachate
Ec2L: Electroconductivity of the second leachate
V3L: Volume of the third leachate
Pb3L: Concentration of Pb in the third leachate
TL3L: Total Pb in the third leachate in mg (V3L x Pb3L / 1000)
pH3L: pH of the third leachate
Ec3L: Electroconductivity of the third leachate
FW: Fresh weight of sample at harvest
DW: Dry weight of sample
WC: Water content of sample at harvest (1 – DW / FW)
PbDW: Concentration of Pb in sample by dry weight
TLPlant: Total Pb in sample in mg (DW x PbDW / 1000)
Species: Species of sample
Trial: Experimental replicate

52.8

45

Pb2L
TL2L
pH2L
225
0.021 0.004725
7.3

WC
PbDW
TLPlant
Species
Trial
6.1 0.88447
4.34
26.474 Brassica juncea

1

Table A.3. ANOVA sum of squares table for the interaction between treatments and leachates of leachates from P.
hortorum

Source

DF Type III SS Mean Square F Value Pr > F

Amendment

2

1.16801097 0.58400548

61.35

<.0001

Rate

2

0.26580771 0.13290385

13.96

<.0001

Amendment*Rate

4

0.36742860 0.09185715

9.65

<.0001

leachate

2

0.51419001 0.25709500

27.01

<.0001

leachate*Amendment

4

1.02603020 0.25650755

26.94

<.0001

leachate*Rate

4

0.19288868 0.04822217

5.07

0.0006

leachat*Amendme*Rate 8

0.40250801 0.05031350

5.29

<.0001

Experimental replicate

0.13908756 0.13908756

14.61

0.0002

1
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Table A.4. Significance letters for Figure 4.2.
Amendment

Rate

L Estimate

se

a

Lower

Upper

Group

Lignosulfonate

1000

2 0.9635

0.02483

0.05

0.9146

1.0124

A

Lignosulfonate

500

2 0.5684

0.02483

0.05

0.5196

0.6173

B

Lignosulfonate

1000

3 0.1047

0.02483

0.05

0.05588

0.1536

C

Ammonium Sulfate

1000

2 0.05425

0.02483

0.05

0.005385

0.1031

C

Lignosulfonate

1000

1 0.04479

0.02594

0.05

-0.00626

0.09583

C

Lignosulfonate

0

2 0.03892

0.02483

0.05

-0.00995

0.08778

C

Ammonium Sulfate

1000

1 0.03400

0.02483

0.05

-0.01487

0.08287

C

Lignosulfonate

500

3 0.03383

0.02483

0.05

-0.01503

0.08270

C

Control

1000

1 0.02042

0.02483

0.05

-0.02845

0.06928

C

Ammonium Sulfate

0

3 0.01975

0.02483

0.05

-0.02912

0.06862

C

Ammonium Sulfate

0

2 0.01950

0.02483

0.05

-0.02937

0.06837

C

Lignosulfonate

0

3 0.01925

0.02483

0.05

-0.02962

0.06812

C

Control

1000

2 0.01833

0.02483

0.05

-0.03053

0.06720

C

Control

1000

3 0.01833

0.02483

0.05

-0.03053

0.06720

C

Control

0

1 0.01779

0.02594

0.05

-0.03326

0.06883

C

Control

0

2 0.01750

0.02483

0.05

-0.03137

0.06637

C

Ammonium Sulfate

0

1 0.01717

0.02483

0.05

-0.03170

0.06603

C

Lignosulfonate

0

1 0.01667

0.02483

0.05

-0.03220

0.06553

C

Lignosulfonate

500

1 0.01583

0.02483

0.05

-0.03303

0.06470

C

Control

0

3 0.01550

0.02483

0.05

-0.03337

0.06437

C

Ammonium Sulfate

1000

3 0.01508

0.02483

0.05

-0.03378

0.06395

C

Control

500

3 0.01433

0.02483

0.05

-0.03453

0.06320

C

Ammonium Sulfate

500

1 0.01350

0.02483

0.05

-0.03537

0.06237

C

Ammonium Sulfate

500

3 0.01142

0.02483

0.05

-0.03745

0.06028

C

Control

500

1 0.009083

0.02483

0.05

-0.03978

0.05795

C

Control

500

2 0.007833

0.02483

0.05

-0.04103

0.05670

C

Ammonium Sulfate

500

2 0.007333

0.02483

0.05

-0.04153

0.05620

C
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Table A.5. Significance letters for Figure 4.3.
Amendment

leachate

Estimate

Standard
Error

Alpha Lower

Upper

Letter
Group

Lignosulfonate

2

0.1802

0.01694

0.05

0.1467

0.2137

A

Lignosulfonate

3

0.08178

0.01694

0.05

0.04828

0.1153

B

Lignosulfonate

1

0.01772

0.01694

0.05

-0.01578

0.05122

B

Ammonium Sulfate

3

0.01506

0.01694

0.05

-0.01844

0.04856

B

Control

1

0.01356

0.01694

0.05

-0.01994

0.04706

B

Ammonium Sulfate

1

0.01322

0.01694

0.05

-0.02028

0.04672

B

Control

3

0.01156

0.01694

0.05

-0.02194

0.04506

B

Control

2

0.008778

0.01694

0.05

-0.02472

0.04228

B

Ammonium Sulfate

2

0.007278

0.01694

0.05

-0.02622

0.04078

B
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Table A.6. Significance letters for Figure 4.3.
Amendment

Rate leachate Estimate Standard Error Alpha Lower

Upper

Letter
Group

Lignosulfonate

1000 2

0.7425

0.03696

0.05

0.6694

0.8156

A

Lignosulfonate

500

2

0.5083

0.03696

0.05

0.4352

0.5814

B

Lignosulfonate

1000 3

0.1968

0.03696

0.05

0.1237

0.2699

C

Lignosulfonate

500

3

0.1003

0.03696

0.05

0.02724

0.1734

C

Lignosulfonate

0

1

0.07033

0.03696

0.05

-0.00276 0.1434

C

Lignosulfonate

0

2

0.06583

0.03696

0.05

-0.00726 0.1389

C

Ammonium Sulfate

1000 2

0.05333

0.03696

0.05

-0.01976 0.1264

C

Lignosulfonate

1000 1

0.03983

0.03696

0.05

-0.03326 0.1129

C

Ammonium Sulfate

1000 3

0.03917

0.03696

0.05

-0.03393 0.1123

C

Control

1000 2

0.03733

0.03696

0.05

-0.03576 0.1104

C

Ammonium Sulfate

1000 1

0.03100

0.03696

0.05

-0.04210 0.1041

C

Control

1000 3

0.02967

0.03696

0.05

-0.04343 0.1028

C

Ammonium Sulfate

500

1

0.02850

0.03696

0.05

-0.04460 0.1016

C

Control

1000 1

0.02717

0.03696

0.05

-0.04593 0.1003

C

Control

500

2

0.02517

0.03696

0.05

-0.04793 0.09826 C

Lignosulfonate

500

1

0.02383

0.03696

0.05

-0.04926 0.09693 C

Control

500

1

0.02100

0.03696

0.05

-0.05210 0.09410 C

Control

500

3

0.01917

0.03696

0.05

-0.05393 0.09226 C

Ammonium Sulfate

500

2

0.01567

0.03696

0.05

-0.05743 0.08876 C

Control

0

2

0.01550

0.03696

0.05

-0.05760 0.08860 C

Control

0

3

0.01533

0.03696

0.05

-0.05776 0.08843 C

Ammonium Sulfate

500

3

0.01333

0.03696

0.05

-0.05976 0.08643 C

Lignosulfonate

0

3

0.01267

0.03696

0.05

-0.06043 0.08576 C

Ammonium Sulfate

0

2

0.01083

0.03696

0.05

-0.06226 0.08393 C

Ammonium Sulfate

0

1

0.009000 0.03696

0.05

-0.06410 0.08210 C

Control

0

1

0.009000 0.03696

0.05

-0.06410 0.08210 C

Ammonium Sulfate

0

3

0.005667 0.03696

0.05

-0.06743 0.07876 C
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Concentration of Pb (ppm)

Concentration of Pb in the leachate of B. juncea

BA

Leachate*Amendment*Rate
Figure A.1. Concentration of Pb in the leachate of B. juncea grouped by leachate number, amendment, and rate
Concentration of Pb in the leachate of trial II of P. hortorum

Concentration of Pb (ppm)

BA

Leachate*Amendment*Rate
Figure A.2. Concentration of Pb in the leachate of trial II of P. hortorum, leachate by amendment interaction
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